US009171593B2

a2 United States Patent
Wang et al.

US 9,171,593 B2
Oct. 27, 2015

(10) Patent No.:
(45) Date of Patent:

(54) MULTI-GRANULARITY PARALLEL
STORAGE SYSTEM

(75) Inventors: Donglin Wang, Beijing (CN); Zijun
Liu, Beijing (CN); Xiaojun Xue, Beijing
(CN); Xing Zhang, Beijing (CN);
Zhiwei Zhang, Beijing (CN); Shaolin
Xie, Beijing (CN)

(73)

Assignee: Institute of Automation, Chinese

Academy of Sciences, Beijing (CN)

(*) Notice: Subject to any disclaimer, the term of this
patent is extended or adjusted under 35

U.S.C. 154(b) by 122 days.

@
(22)

Appl. No.: 14/117,295

PCT Filed: Dec. 31,2011

(86) PCT No.:

§371 (D),
(2), (4) Date:

PCT/CN2011/085162

Nov. 12, 2013

PCT Pub. No.: WO02013/097228
PCT Pub. Date: Jul. 4, 2013

87

(65) Prior Publication Data

US 2014/0344515 Al Now. 20, 2014

Int. Cl1.
GO6F 12/02
G1iC 7710
GO6F 3/06
GO6F 12/06

(51)
(2006.01)
(2006.01)
(2006.01)
(2006.01)

(Continued)

(52) US.CL

CPC G11C 7/1072 (2013.01); GO6F 3/0601
(2013.01); GOGF 9/3895 (2013.01); GO6F
12/02 (2013.01); GO6F 12/0607 (2013.01);

G11C 11/40615 (2013.01); G11C 21/00

(58) Field of Classification Search
CPC G11C 7/10; G11C 11/406; G11C 21/00;
G11C 7/1072; G11C 11/40615; GOGF 3/0601;
GOG6F 9/3895; GOGF 12/02; GOGF 12/0607
USPC 711/110, 104, 105, 219
See application file for complete search history.

(56) References Cited
U.S. PATENT DOCUMENTS

5,517,627 A *
6,804,771 Bl

5/1996 Petersen
10/2004 Jung et al.

(Continued)

710/316

FOREIGN PATENT DOCUMENTS

CN
CN

1512353 A 7/2004
101840383 A 9/2010
(Continued)
OTHER PUBLICATIONS

International Search Report issued in PCT/CN2011/085162 mailed
on Sep. 27, 2012 (2 pages).
(Continued)

Primary Examiner — Stephen Elmore
(74) Attorney, Agent, or Firm — Osha Liang LLP

57 ABSTRACT

A multi-granularity parallel storage system including a plu-
rality of memories, a shift generator, an address increment
lookup unit, an address shifter, a row address generator, and a
plurality of address adders. The shift generator is configured
to generate a shift value. The address increment lookup unit is
configured to generate input data for the address shifter. The
address shifter is configured to cyclically shift the input data
rightward by Shift elements and then output the shifted data.
The row address generator is configured to generate a row
address RowAddr and input the generated row address Row-
Addr to the other input terminal of each address adder. Each
address adder is configured to perform a non-sign addition of
the input data at the two input terminals to obtain a read/write
(R/W) address for one of the memories and input the R/'W
address to an address input terminal of the memory.

(2013.01) 9 Claims, 10 Drawing Sheets
gy ] 405~

*

il_uizﬂio1zsll_o1zal:o1zs

i 43150167 | ]’ 41516 |7 ( 4|15}16 |7 I’ 41567

N-4 N-3 WN-Z N-1

|-B 11213 N |N+1|N+2|N+3
[ e 7 el

I’ N4 N3 NZ N-1 |ZN—4‘2N.;.3i;N-ZIZN-1l N-4 N3 N2 N1

. (o) RAW Granularity g=2

.él-OTI -Z 3-: N |N+1[N+2|N+3 2N PN+IDN+22N- 3N BN+IBN+23N+3

;Ta[s s]'7| N+4 7 IEM N+ J3N+G3N

s e e sndpnd fdonapodond] oo

-
(c) R/W Granuiarity g=4



US 9,171,593 B2

Page 2
(51) Int.ClL FOREIGN PATENT DOCUMENTS
G1IC 11/406 (2006.01)
GLIC 21/00 (2006.01) ox 101609713 B 92012
GOGF 9/38 (2006.01)
(56) References Cited OTHER PUBLICATIONS

U.S. PATENT DOCUMENTS

7,082,049 B2 7/2006 Freebern

2014/0082282 Al* 3/2014 Wangetal. ............

Written Opinion of the International Searching Authority issued in
PCT/CN2011/085162 mailed on Sep. 27, 2012 (3 pages).

...... 711/114 * cited by examiner



U.S. Patent Oct. 27, 2015 Sheet 1 of 10 US 9,171,593 B2

">~~~ _Computation Unit

,---- 101
L.
R/W Address =
103
1)
LA A A \\\I ————————————————————— -
200 | @z | oz 1 @03 |i 104 i J o 1 213 |1
Matrix Row E 0 | Bu | Au | an | el 45| 6| 7 |k
R N B g 1 PR e e b
4320 | @21} @321 Q22 : :: 8 9 10 | 11 :}
" 1 § [ Ry TS [P My P A
I,’ ) ] : :
Matrix Element| | 30 | @1 | a2 || 333 |1 12 |13 | 14 | 15 |
- t ! ! i
- e St ] L !
r’ \1‘ : :
' Matrix {[N-4 N3 N-2 | N
100 Column | — '
Memory Addressing
Fig. 1

Prior Art



U.S. Patent Oct. 27, 2015 Sheet 2 of 10 US 9,171,593 B2

201
b 3
. ~ pToSTmmossmmmemmmomooon
T 1 1
aw 1 am 204 ]l o|1]2]3}:!
..... e e N R ]
N : R Az I -:: 4 5 6 7 |
Matrix Row ) | E— 1‘I L — __......_-___':
[ N - DT : da1 : ' 8 9 0| 11 |,
4 1 [}
Matrix Element ; ! ! !
L a3 " 1213 | 14|15
1 fl | 1
z ...“.-u-—————-‘j‘ : ...... :
N S | i
' i P N-4|N-3|N-2|N-1|i
200 Matrix ': ::
Column Ve T T L i 1
Memory Addressing
Fig. 2
Prior Art
R/W Granularity 301 R/W Address
L A A A
3027~ _
y Yy ‘o’ Y v

o) T T




US 9,171,593 B2

Sheet 3 of 10

Oct. 27, 2015

.---406

[mmm— e~ ——mm fom oo mwmm——— = T oo m—_——— "
1 ! t % ! 1o ™ ]
oen | ol EE I 2 | R z |
1 1
! —! I Sat a8 Y
e~ | @ s e | f = | ] IR e
” z |1 = | = S| I g |
" o ]! I 9! | o1
o g ) | \ |+ + = 1 = + N_ 1
: il Wz 1= o tala = |
H P ! <t <+ |1 | T =5 |t
o < L ' tf = + = H I = ! 1
_— =2 ! t p=4 o~ h 1 ™ = = 1
1 - 1 ] 1 fis) = 1
llllllllllllllllll -t D L |
[mmmm~———- e m————— oM m——mm—m— —wmm—a fm-———=——== mmm——————
1 i ] ™ T~ 1
| |~ < | N = | R 1N_. !
1 '
! = : i < | " ..N/_ m o ||
1 1 1 HeN X3 Y]
1 od 1 1 1 1
1] ™ [{s] 1 1 “ ~ uy n.,_r_ 1 1 m m N_ 1
! = ! | = |! N~ ~ el
1 ' 7]
_ 7 i | i LS 12] 2|
L= 2% pede 2T 2] A
! [N “_ [N, fj .t A_...LT L) i
! =t = [ [ [ i i
o < ! = o <r i [ |2 + N_ !
“m = "b 1 = “ & ™~ m el "
gy up—— = 1R 1 3 ". |||||||||||||||||| ]
|||||||||||| = fmem—— =~ ———— e m ==l =
— 18 fm— == - e —=oos ——--=a g @ fom—— e ———mmm—— ==
U | < |G Tom |~ SREE SR NI = |
i = MW i1 = + =z | H + Z i1
H Iy = = ~ 1 M i =4 = ~ \
1 1
. o o= HEGY =) U = HEGY w0 Y
1 = e it + = I Jomed 1 + = 1
! = = | = S = iz | 2 g
i fae) 1 ! [33) ! 3]
13 < wn 1 — in 3
IR = | Wox | = | x|+ = |
H [ “ = = ~ “ [ = = ~ !
I - 1 0
[ =] 1 =t <t 1 1 s <t 1
" z | T =2 = |1 n= i = |i
= R ¥ I ‘ o
A vy Sy g o e
[kl 1 A [m——— == — === ————— (= — === —mmam———————1
i , —
Ta ] T2 HWol~] 21l |F=i~] [2]
1
! z | ! z | “_ Z |
1 I I 1 I 1
| e~ H e~ | i e~ |
™~ [be} ! 1 ol o i 1 (o] (=] !
: = __ “ = | “_ = "
1 t 1 1 ]
' o i o ! o m !
1 — [Vp] ] i 1 1
r = : “— A L N_ 1 “— = ok N_ 1
1 1 1 1
E 1 _— 4 _— 1
=t ! < f <t
[ =) i ! 1 k 1
] ~ z | " z | S 1" z |
B - “ 11 i F] - [
|||||||||||||||||||||||||||||||||||||| ' T - ___T—=——=-i

U.S. Patent

4

{¢) R/W Granularity g
Fig. 4




US 9,171,593 B2

R/W Granularity g=1

U.S. Patent Oct. 27, 2015 Sheet 4 of 10
502 >
, AR
/#—T T—s Y
135X %% f§;3 ii;g
'":a_'é_'_a“_a_"\'l :6_'§'§16; 1 E':b_'é'_b'_é_‘\“ii :':6:“%9:6:":
SN § SO ) SRR N

o e B

1 e e e |

[yl |

T AT

I e e |

506

R/W Granularity g=2

Fig. 5
(4] 600]6} (4]
602
e
. t{/’ g
444 513 4444 444
":é_'é'é :_6._:'1 _é‘é’é 16;1 :":{!‘,_.'_6.'_'6 '_é_'\': :“Zé;"é'_'é "_é_'\':
OO SOJCCR feOaey O

| TTEEC

_— === !

[

| L
: \\:

———————————

_____ -

[ pp—

606

iy I



U.S. Patent Oct. 27, 2015 Sheet 5 of 10 US 9,171,593 B2

7 R/W Granularity g=4
Q. o]
702 Tt

Ais%  %8%%  XixX 2552

":é_'é'é_é_',' ':é_'é';é_é_'\' ':é_'é'é..é.;' ":é_"é";é_é_'\ﬁ
T T O ]
DO T T

Fig. 7
R/W Granularity g=1

_---806

’
|a00 do1 | Aoz | Qo3 law dy1 | 12 | 313 | as | 821 | @22 | @23 iaag d3y | A3z | A3

| I

Ao4 N Qg0 4 D21 | Q42 d14 § A5 § As1 | Asp dzq ¥ 3gg ¢ A1 | @82 Azs N azg | A71 | 972
Qa3 | 4 dgz | dsy dg3 | 84 dyz | dy4

Fig. 8



US 9,171,593 B2

Sheet 6 of 10

Oct. 27, 2015

U.S. Patent

il teteltoeneeian oo s
! H
f i
4 1
! 1
E 1
£ 1
4 1
H 1
1 1
! |
1 1
1 1
P 1 )
<o 1 |
(=3} 1 N
| 1 i
\ -t {
S ittt niteieletein ettt eiehaelalainininiaininfabn 3
. '
! 1
' ~ o + |
! ﬂ ﬁ w ﬂ M L ﬁ N P~ ~ !
. ] © o] © © @ o © ] o |
1
! |
! 1
! |
! 1
! 1

1 -
e sl st el alagyefl s3] r] 2|
1 i 1+ 43 w [y+] o 14 [3+] 1] o \
! 1
1 _
Lt e e e oo ]
[ntuludovin teteletedeieileiedeleledadodalallaloiofivininiiiiiielbbbimeliii]
! |
! t
L ! ]
o ! i
a ! i
1 ! t
\ ! i
~ 1 i
N !
f 1
! 1
t 1
! 1
! 1
! 1
! 1
Nt T |
[kt ke ittt e ke denentendonldeoofivtiedineeetieg e ekttt
! 1
— ] 1
= ! -t 0 < n o 1 @ o o < |
] ! o o I ~ o <t = [v] S w |1
£ ! (] @ © © ] o} ] ] 3] T |
@ : i
= ' )
L i \
fad ' 1
Rl I :

b

b= " o8 =t — m =] ™ =t — m H
Be ' — 3 [~ =) o o~ < < < o o f
=-14 ] o ] o] 3] [ [} o i < i
' —.a 1
! 1
| - — —,

=2

Read Matrix Column, R/W Granularity g

Fig. 9



US 9,171,593 B2

Sheet 7 of 10

Oct. 27, 2015

U.S. Patent

Physical Structure

—————

-~

[P afplivegin APy ligui I halptlont P agpdpu
"ﬁ dﬂ .“_ “.
i W 1 wy 1 vy f 1 s |
NIl R =l AN Al B | Rl |
T y b 1y L
b P [l il P [
g lun_ 1.__ —_H —
Ty [ by q —_
i el E0en ] P en "_ oy
F — v_ 1.__ — || ==
by b by "
t B 1 3
BRI R LR ] =D
Eot | 1 — 1 — |l —
T Y fy 'y Y

T A - | I y— _
oty Aulycldulpulyuiuitull pulpulyupuil i ooyl 1o
R - 1y q. ﬂ_
T | 0 L - || — 1 || —
11 — [ — Iy p 1y —
ta “_ "_ "_
1! o 1 = 1 < i =}
1 - [ ' — [ — LI —
1 3 1 " Iy
! 1 1 1

i 1 1 t
el i liel ||l e
1y .__ [ i,
1 1 1

1 L' (1 T 11

“_ = Iy o0 [ o I 1 E]
T “~ M_ “_
el Relpedttiletel Rretededttiedye indnipuipuilbulonts Sulpuipeietyiyet
™ d, M_ "_
I | =~ o) e
v = b A
ol Pl el v ilell Ve
[ T [ b
[ __ __ __
!
11 ' byt 1
1 v Iy Kl _mmsu__ W
N T [ - T
L Ty 1 VE by
N S Y AR R
- - 1, -
L A __ | A=
1#|u|u|lJ-H:1|1|Iqu ||||||| =
1
P " “
[ |
[ 1 1
! 1 1
[ |
H 1 1
__ 1 ]
' 1 1
1
\ 1 1
1 [ |
1
[ | !
[ "
1
L

T S

B!

pH S AU

oL -

-t O
=]
i

falad
£
[= 1
o
]
=
b=
Q
o

<t 0o

o B

o [

=

¢ N

, -

-

R e
o
o
-

() m o~ —t
—t o 27 (]

Logic Structure

E/W Data

Fig. 10



US 9,171,593 B2

Sheet 8 of 10

Oct. 27, 2015

U.S. Patent

1
1
I
|

I

IIIII

lllll

af
«—

\

[ it Rl by (bt LR ity 15
£ ] 1 1R 11
1] Ig! Lifwv v w2
N Bl R i N Bl AN E=l
"y e | i 1,
' -
I I LS I | L | ey | L | B
[ — _m — _H r— | -_ — 1
1 1 [ [ 1,
i = 7
il I S Y
“_ _.,nu..lr.J_ — __ v !
1 E e 13 !
: s
11 2‘". i a_ﬂ il 1
i} — ] __ _F.....l. —_
1! 3! a4 == .
_nm.nﬂnnuu._w T3 LLoTo T
1 ] 1 T
__M 1 I =1l
1y i E - g 1
1 i I )
1
- 1 t 21
'y 1 ] 1
. 1 i 1
1 1 + an !
1 1 ] 1
““ l 1 ] = 1
V|l ee ]t 1 oo fI~d
[ "I 1 ™
o _ I 1 o ____
Fizzz==od TS
1 ] i
A | Rl F I =~
I g
__ 1 1
__m—m _ u
: 1 i
3
." 1 ]
' 1 ]
[ K
N vl 1
Ey J 1 Sty
H 1 [
"“ <t i 1 1
by | L
LI J o
—|u.| ||||| 1 l_l_
_u_ __ 1
"w “n 1!
i 1 1
[ 1 i
il e 1
ty 1 [}
= H o
[ - | +-
1
vy i I
H 1 ]
' \
I < 1 'y
._ 1 |
)
R IHI 1“,:.

L L D Lo T R Sy A

1103

Fig. 11

- ———

=" .q.“r,t.,d-:l"uﬂ |||||| J.u.
L [wl Y[ 1w ;
1 ™ Iy — by = Ly
. (. [ I
1 -+ | “_ <+ “ 1 -+ | "“
i ] — HIEE Nl
3 by 1y by
1 1 1
Flenft y 1 fenf 1] en '
1 — 1 —t 1 — 1
1 L L I
1 1 1
Plletfd " Hetl| 5! Heall oo
I — 1 —_ | 1 — 1
I by I by
fom———- g o o ly——wo e
oo IR o T oY
) _m Iy 1
X 1, =
| “_ “_ “u
1 1 1 I
i 1y =]
'k “ 1 “ I "_
¥ e 1 1 1
t R N -ty LYallel
T J T Ty
i [ i 1 =1 !
: o O Y | N
] Py Ty P
I L > I_1
E e o p- Ry -
e e U
1 i 1o
e~ vt et s Pt '8
1 1 i N ~
1 “ i " 1 __'. ]
11
A N (I IR | I To pi
1 L 'y Ly Y
: [ 1, P o
w i v 1 vy B! o
! 1 ' 1 ] ~
1 h 1 [T
: n ny 1
I | 74 I
1 L “._ L
|||||| Yo oo L _____a1
Pt 8
1 '
I 1 1 ' bl
! iy 1 L
s
I Ty ] b
I b 1 Ly
I ot om
[ I 1 L0
I y 1 Ve
| Vg § r A
| - _u 1 __
I nu 1 ““
! 11 1 H
1 < _~ 1 _.
I 'y 1 T
pR— dp oo Li-———-- i
\ 1

Fig. 12



US 9,171,593 B2

- _——— —_———— e —— —

1
1
1
I
1
1
-
1

Sheet 9 of 10

Oct. 27, 2015

~

(RN V. DN

1303

1303 1303

1303

Fig. 13

[ Sy e +

“_ J_ _.._EJ__ ._"
it Yl T e 1w H
Vo — Iy — 1 1 ' [ — n.
[ [ — w— L __ r;
=y I N e e
1 — L — E — 1 —_ 1 N
[ oy Ey 1y 4 1
1 1 ] 1 [
[ o __ o __ Faa) __ fas) 1
[ — ] 1 — 1 — 1 — 1
[ J 1 _— Iy 1,
I el i el o
S | R € L | || — V=Y
b __ _n w_ [
£ A E| b ot
—q=ummm Ao d g 1
PP By B e e )
"m 1 “ .|_‘w —_— ." — hr
S | R R | el I il | R | el /I
1 | H - g1, N T
' 1
o tile ] | =t} it
1 — 1 — oy i — 2
1y 1 | 1, [
u_ I 1 'y [
G
1 i 1 1 -
;! T =1 =
Y ~_8__ scff 1 jleafl 1!
! ! ! " L %
LIy I N [P
_u_mxunnnl e R S e
1 [} 11
N B~ ~ R
1 — X Y 1
! 1
HE of 1
1 Iy
_“ 1t
i [l Wi
1 L 13
_“ 1 | ]
1 |- . i
T = Mc
! it
e Rttt Rt Reat i
i ! “ '
LY 1
—— ! \—\
HsH :
"_ o] 1 1
' L
H ' -
[ 1
] 1 |“-
1 pEEEEE 1 '
v 1
by [ By 1
L H s H
ket po————- B A =

\ LIRS

U.S. Patent

!
A




U.S. Patent

Oct. 27,2015 Sheet 10 of 10 US 9,171,593 B2
1409 1410 1411
i““'u---““““----—-: \\\
1 [3D|2D| 0 S \
R/W Granularity § ] '
/ Y& 0 |- IR T 1407
[} 1
Ll 1
E pjolo : » L i !
| ' [
oo 0 H—» i ;
1 1
Semmmmmmmmmones o t.-1412
[ |2 —
A b —»w; B e e -
4 1
I
W, ry a— ([0 J o - 14 {151
s | I
Written Data w,— . '
» > w, f
|1 B WE
v ¥ W -
g - 1408 : !
A r ot ([ O] = - 144115}
< ¢ r3 W1 —b‘\_' o ;.____”_.7___'_}]
« — 2 io — f
Read Data - _V\_IE_ ____________ -
4 h 1/ 0 H1al[15 !
r rer 1
< ! o o ‘—ll | L i
WP o e e — o m
Shift 5 f
i’ i g WE
Addr—~ /1 =" 1414 RowAddr
» »0
Twe._ 1413
WE >

Fig. 14



US 9,171,593 B2

1
MULTI-GRANULARITY PARALLEL
STORAGE SYSTEM

CROSS-REFERENCE TO RELATED
APPLICATIONS

This is anational stage application based on PCT/CN2011/
085162, filed on Dec. 31, 2011. This application claims the
priority from the same, and hereby incorporates the same by
reference in its entirety.

TECHNICAL FIELD

The present application relates to storage technology, and
primarily to on-chip storage systems in embedded signal
processing platforms, especially multi-granularity parallel
storage systems that support multi-granularity parallel read/
write (R/W) in rows and columns.

BACKGROUND

With advance of Integrated Circuit (IC) processes, more
computing components and larger-capacity Static Random
Access Memory (SRAM) can be integrated on a chip. A
high-speed embedded signal processing chip can be designed
and provided with multiple computing components and mul-
tiple on-chip memories of large capacity and bit width to
enable parallel computation and storage. Signal processing
algorithms generally organize input/output data in a matrix,
and use the matrix as an object for computation. Matrix data
are generally stored in rows or columns in a memory. The
R/W ports of amemory are fixed in bit width, and sequentially
addressed. When a matrix is stored in rows, the memory can
read/write in parallel multiple elements in a row of the matrix
at a time, but cannot read/write in parallel multiple elements
in a column of the matrix at a time. When a matrix is stored in
columns, the memory can read/write in parallel multiple ele-
ments in a column of the matrix at a time, but cannot read/
write in parallel multiple elements in a row of the matrix at a
time.

FIG. 1 is a schematic diagram of a structure of a conven-
tional on-chip memory and an addressing scheme thereof,
showing the locations of elements in a matrix on the conven-
tional on-chip memory when the data type of the matrix is
consistent with memory unit. As shown in FIG. 1, assuming
that the memory R/W port 110 has a bit width of 4, i.e, 4
elements are stored in one row of the memory 100, and 4
elements having consecutive addresses can be read/written in
parallel at one operation. The matrix A is of a size 4x4, and an
element at the ith row and jth column of the matrix is denoted
as a;; (O=i<4, O<j<4). The matrix A is stored by rows at an
address 0. In this case, the memory 100 can read/write in
parallel 4 elements in a row of the matrix at a time. As the
elements in a column of the matrix are distributed in multiple
rows 104 of the memory, only one element in a column can be
read/written per time. It is impossible to conduct parallel
read/write of elements in a column.

In the signal processing system, parallel read/write of
matrix elements in a column is often required while parallel
read/write of matrix elements is performed in a row. For
example, some signal processing algorithm takes three matri-
ces (A,B,D) as input, and expects to obtain two matrix mul-
tiplication results C=AxB, E=BxD. Meanwhile, there are 4
computation units capable of parallel computation in the sig-
nal processing system. When C=AxB is calculated, it is nec-
essary to read/write in parallel 4 elements in a column of the
matrix B; when E=BxD is calculated, it is necessary to read/
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2

write in parallel 4 elements in a row of the matrix B. Accord-
ing, in addition to parallel read/write of the matrix B by row,
parallel read/write of the matrix B by column is also required
throughout the processing of the algorithm. Unfortunately,
the conventionally-structured memory is only capable of par-
allel read/write either by row or by column. When the
memory fails to provide concurrently the required 4 operands
in each clock cycle, only one of the 4 operational units can be
in an active state, and this inevitably degrades the operational
efficiency of the overall system.

There are various data types for matrices. Common data
types include byte of 8 bits, short word of 16 bits, integer and
single-precision floating-point of 32 bits, and double-preci-
sion floating-point of 64 bits. The memory units have one
fixed data type, and each address corresponds to an 8 bit data
or a 32 bit data. In order to express all the data types with the
most basic memory unit in the memory, a common approach
is to concatenate multiple consecutive low-bit-width data
types into a high-bit-width data type. As shown in FIG. 2,
assuming that the memory unit is a byte of 8 bits, the matrix
has a size of 4x2, and a data type of 16 bit short word. The
matrix elements are arranged in rows, and one matrix element
is formed by concatenating two consecutive bytes of 8 bits. In
FIG. 1, the data type of the matrix is matched with the
memory unit. The addresses of the column elements of the
matrix are {3, 7, 11, 15}, that s, the addresses of the columns
are discrete. In FIG. 2, however, the data type of the matrix is
not matched with the memory unit. The addresses of the
column elements of the matrix are {2, 3, 6,7, 10, 11, 14, 15},
that is, the addresses of the columns as a whole are discrete,
but part of the addresses are consecutive. Therefore, during
parallel read/write of matrix row and column elements, it is
necessary to take different data types of the matrix elements
into account, and accordingly to use different read/write
granularities. Here, “read/write granularity” refers to the
number of memory units at consecutive addresses.

Some patent documents have discussed how to perform
read/write operations on matrix rows/columns, but not yet
fulfill the function of multi-granularity parallel read/write of
matrix row/columns at the level of SRAM architecture. The
patent documents, such as U.S. Pat. No. 6,084,771B (“Pro-
cessor With Register File Accessible By Row Column to
Achieve Data Array Transposition”), and CN Patent
200910043343.5 (“Matrix Register File with Separate Row
and Column Access Ports™), have provided a register file that
supports read/write of matrix rows/columns. However, the
matrix data are still stored in the memory, and it is necessary
to initially load the matrix data from the memory to the
register file, and then read/write matrix row/columns in the
register file. Meanwhile, the register file has a very small
capacity, and thus only a small part of the matrix data can be
read/written at each operation. Further, these patent docu-
ments do not consider how to support different data types.
U.S. Pat. No. 7,802,049B2 (“Random Access Memory Have
Fast Column Access”) primarily discusses how to rapidly
acquire consecutive data from the memory rows of DRAM,
but does not discuss parallel read/write of matrix rows/col-
umns.

SUMMARY
Technical Problem to be Solved
The present disclosure is made to address the problems

with the conventional on-chip storage systems that they are
incapable of parallel read/write of matrix data in rows/col-
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umns or read/write across rows, and thus improve read/write
efficiency of storage systems and memories.

Technical Solution

The present disclosure provides a multi-granularity paral-
lel storage system including a plurality of memories, a shift
generator, an address increment lookup unit, an address
shifter, a row address generator, and a plurality of address
adders. The shift generator is configured to generate a shift
value Shift based on an externally-input address Addr. The
address increment lookup unit is configured to generate input
data for the address shifter based on a read/write (R/W)
granularity g. The address shifter is configured to cyclically
shift the input data rightward by Shift elements and then
output the shifted data to one of input terminals of each
address adder. The row address generator is configured to
generate a row address RowAddr based on an externally-
input address Addr, and input the generated row address Row-
Addr to the other input terminal of each address adder. Each
address adder is configured to perform a non-sign addition of
the input data at the two input terminals to obtain a R/'W
address for one of the memories, and input the R/W address to
an address input terminal of the memory.

The storage system further includes a write shifter and a
read shifter. The write shifter is configured to cyclically shift
externally-input written data rightward by Shift elements, and
then output the shifted data to the plurality of memories. The
read shifter is configured to receive data from the plurality of
memories, cyclically shift the data leftward by Shift elements,
and output the shifted data externally.

The address shifter, the write shifter, and the read shifter
each have a shift control terminal. The output terminal of the
shift generator is coupled to each of the shift control terminals
of the address shifter, the write shifter, and the read shifter, so
as to input the shift value Shift to the address shifter, the write
shifter, and the read shifter.

The address shifter, the write shifter, and the read shifter
are each implemented by a multiplexer.

The bit width of the storage system is W, K=log, W, and the
memories support K+1 R/W granularities. The address incre-
ment lookup unit includes a plurality of columns, each cor-
responding to one of the R/W granularities.

The plurality of memories constitute a plurality of memory
blocks, each having a size of N. The jth element from bottom
to top in the ith column from left to right in the address
increment lookup unit has a value of [(j/2")x2’]xD, where */”’
represent division operation with no remainder, D=N/W,
0=i=K, O<j<W.

The shift generator generates the value Shift according to
the following formula:

Shift=(Addr % #)+(Addr/N),

where “%” represents modulo operation, and “/” represent
division operation with no remainder.

The row address generator generates the row address Row-
Addr according to the formula RowAddr=Addr/W, where */”
represent division operation with no remainder.

Each memory has a write enable terminal to which a write
enable signal WE is directly inputted.

Technical Effects

The multi-granularity parallel storage system and memory
of the present disclosure have a structure of multiple logic
Banks, and support a multi-granularity parallel R/'W mode
and a multi-granularity addressing scheme. They can support
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parallel read/write of matrix row and column data of different
data types at the same time, and thus essentially eliminate the
need for a transposition operation in signal processing and
improve efficiency of signal processing.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic diagram of a structure of a conven-
tional on-chip memory and an addressing scheme thereof,
showing the locations of matrix elements on the memory
when the data type of the matrix is consistent with memory
unit;

FIG. 2 is another schematic diagram of a structure of a
conventional on-chip memory and an addressing scheme
thereof, showing the locations of matrix elements on the
memory when the bit width of the matrix data is twice larger
than that of the memory unit;

FIG. 3 is a schematic diagram showing a logic structure of
a memory in a multi-granularity parallel storage system
according to the present disclosure;

FIG. 41is a schematic diagram showing addressing schemes
and logic Bank divisions of a memory with different R/'W
granularities in a multi-granularity parallel storage system
according to the present disclosure;

FIG. 5 shows correspondence between R/W data and
memory unit in a memory and a data gating path when the
R/W granularity g=1, and the R/W address=4;

FIG. 6 shows correspondence between R/W data and
memory unit in a memory and a data gating path when the
R/W granularity g=2, and the R/W address=4;

FIG. 7 shows correspondence between R/W data and
memory unit in a memory and a data gating path when the
R/W granularity g=4, and the R/W address=4;

FIG. 8 shows mapping between elements of a 8x5 matrix
and memory units when the data bit width of the matrix is
equal to the bit width of the memory unit;

FIG. 9 shows mapping between elements of a 8x5 matrix
and memory units when the data bit width of the matrix is
twice larger than that of the memory unit;

FIG. 10 shows mapping between a memory block 305 and
physical memory units;

FIG. 11 shows memory units mapped in the mapping of
FIG. 10 when the R/W granularity g=1, and the R/W
address=4;

FIG. 12 shows memory units mapped in the mapping of
FIG. 10 when the R/W granularity g=2, and the R/'W
address=4;

FIG. 13 shows memory units mapped in the mapping of
FIG. 10 when the R/W granularity g=4, and the R/W
address=4; and

FIG. 14 shows a physical structure of a memory in the
mapping of FIG. 10.

DETAILED DESCRIPTION OF THE
EMBODIMENTS

In the following, the present disclosure will be further
explained with reference to the figures and specific embodi-
ments so that the objects, solutions and advantages of the
present disclosure become more apparent.

To facilitate description of the present disclosure, the bit
width of each type of data is measured by using a memory unit
as reference. The memory unit is defined as the addressing
unit of the memory, that is, the minimal data bit width by
which a R/W operation can be performed in the memory. In
the description, phrases including “bit width of W”’ should be
construed as bits of W memory units. If the memory unit is of
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an 8 bit byte, the actual bit width of the memory having a
4-bit-width R/W port is 4x8=32 bits. Further, all objects are
numbered from 0 in a left-to-right manner. The term “granu-
larity” represents the number of memory units having con-
secutive addresses. Hereafter, symbols are defined as follows:

W: the bit width of the memory R/W port; it must be a
power of 2 (i.e., W is the nth power of 2, and n is a natural
number);

K: K=log, W, and K+1 represents types of R/W granularity
supported by the memory;

k: a parameter of memory R/W granularity; it is a natural
number, and O=k=K; an actual R/W granularity is
denoted as g=2%;

g: g=2%, denoting the memory R/W granularity,

N: the size of a memory block.

Although it is assumed in the figures of the present disclo-
sure that W=4, the present disclosure is also applicable when
W is some other power of 2.

1. Logic Structure of Storage System and Memory

FIG. 3 shows the logic structure of a storage system accord-
ing to the present disclosure. The storage system includes a
memory 300, and a memory R/W port 301 having a bit width
of W. The memory 300 includes W memory blocks 305, and
a data gating network 302. Each of the memory blocks 305 is
a 2-dimension (2D) array consisting of memory units 303,
and each row 304 of the 2D array must include W memory
units 303. For each memory block, one row 304 can be
read/written at a time.

To be noted, the memory blocks 305 are intended to illus-
trate the logic structure, other than the physical structure, of
the memory units 303.

The data gating network 302 selects logically, from the W
memory blocks 305, W memory units 303 as R/W targets
according to the R/W address and the R/W granularity.

The storage system of the present disclosure supports mul-
tiple R/W granularities. The addressing scheme for each
memory block 305 in the storage system is the same as the
memory of FIG. 1. With different R/W granularities, how-
ever, the start address of each memory block 305 changes.
The parameter k denotes different R/W granularities, and the
actual R/W granularity is g=2~.

FIG. 4 shows the addressing configurations of each
memory block 405 of the memory in different R/W granu-
larities when W=4. For the R/W granularity g, each g adjacent
memory blocks 405 are concatenated into a logic Bank 406.
All the logic Banks 406 have the same start address. The start
addresses of the memory blocks in each logic Bank 406 are
consecutive. The addressing range of each logic Bank 406 is
0~gN-1, and the addressing range of the entire memory is
0~gN-1.

In a read operation, the memory transmits a R/W address
and a R/W granularity to each logic Bank 406. Each logic
Bank 406 reads and transfers g memory units to the memory
R/W port 301 via the data gating network 302. Data read by
W/g logic Banks 406 are concatenated from left to right into
output data of a bit width W.

In a write operation, the memory divides data transferred
from the memory R/W port 301 into W/g portions, each
portion of data having a bit width of g. The memory transmits
the ith portion of data to the ith logic Bank 406 (0=i<W/g),
and at the same time transmits a R/W address and a R/'W
granularity to each logic Bank 406. Each logic Bank 406
writes g memory units.

FIG. 5 shows a logic path inside the memory when the R/W
granularity g=1, and the R/W address=4. The data gating
network 502 has a gating logic as shown in the figure. Data
from the memory R/W port 501 correspond to a respective
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memory unit 503 having the address of 4 and the granularity
of'1 in each of the logic Bank 506.

FIG. 6 shows a logic path inside the memory when the R/W
granularity g=2, and the R/W address=4. The data gating
network 602 has a gating logic as shown in the figure. Data
from the memory R/W port 601 correspond to a respective
memory unit 603 having the address of 4 and the granularity
of'2 in each of the logic Bank 606.

FIG. 7 shows a logic path inside the memory when the R/W
granularity g=4, and the R/W address=4. The data gating
network 702 has a gating logic as shown in the figure. Data
from the memory R/W port 701 correspond to a respective
memory unit 703 having the address of 4 and the granularity
of'4 in each of the logic Bank 706.

Matrix elements need to be stored in the memory according
to certain rule, to enable parallel read/write of data in rows
and columns using the multi-granularity parallel storage sys-
tem and memory.

FIG. 8 shows mapping between matrix elements and
memory units when the data bit width of the matrix is equal to
the bit width of the memory unit. As shown in FIG. 8, assum-
ing that the matrix is of a size 8x5, and an element at the ith
row and the jth column is denoted as a,; (0=i<8, 0<j<5). When
the data type of the matrix is the same as the memory unit,
logic Banks 806 are configured by the R/W granularity=1,
that is, a matrix row of (the index of the row % W==) is
consecutively stored in the ith logic Bank 806. Here, “%”
represents modulo operation. In a read/write operation of
matrix rows and columns, W consecutive elements in a row or
in a column are defined as one data group. For example, {a,,
g1, 892, 893} denote a data group of elements in a row, and
{ag0s @10, 820, @50 denote a data group of elements in a
column. The entire matrix is divided into a plurality of data
groups, and the memory can read/write one data group in
parallel per clock cycle. Here, the matrix elements are located
in the memory as shown in FIG. 8. For parallel read/write of
a data group in a row of the matrix, the R/W granularity g=W
(here, assuming W=4; W may be any other power of 2), and
the R/W address of the jth data group in the ith row is

start address of matrix+Nx(i% W)+(i/W)xthe number
of matrix columns+(jx %)

Here, “%” represents modulo operation, and “/” represents
division operation with no remainder. For parallel read/write
of'a data group in a column of the matrix, the R/W granularity
g=1 as shown in FIG. 8, and the R/W address of the jth data
group in the ith column is

start address of matrix+i+(jxthe number of matrix
columns)

FIG. 9 shows mapping between elements of the matrix and
memory units when the data bit width of the matrix is twice
larger than that of the memory unit. As shown in FIG. 9, when
the data bit width of the matrix is M (here, assuming M=2; M
may be any other power of 2) times larger than that of the
memory unit, M memory units are required in order to store
one matrix element. Let W'=W/M, and the logic Banks 906
are configured by the RIW granularity g=M, that is, a matrix
row of (the index of the row % W'==i) is consecutively stored
in the ith logic Bank 906. In a read/write operation of matrix
rows and columns, W' consecutive elements in a row or in a
column are defined as one data group. For example, {a00,
a01} denote a data group of elements in a row, and {00, a1l0}
denote a data group of elements in a column. The entire
matrix is divided into a plurality of data groups, and the
memory can read/write one data group in parallel per clock
cycle. Here, the matrix elements are located in the memory as
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shown in FIG. 9. For parallel read/write of a data group in a
row of the matrix, the R/W granularity g=W (here, assuming
W=4; W may be any other power of 2), and the R/W address
of the jth data group in the ith row is

start address of matrix+NxMx (1% W")+(i/W")xthe num-
ber of matrix columnsxM+(jx W)

Here, “%” represents modulo operation, and “/” represents
division operation with no remainder. For parallel read/write
of'a data group in a column of the matrix, the R/W granularity
g=M as shown in FIG. 8, and the R/W address of the jth data
group in the ith column is

start address of matrix+ixM+(jxthe number of matrix
columnsxM)

Therefore, by designating different R/W granularities, the
storage system and memory of the present disclosure can
perform parallel read/write of different types of matrix data in
rows and columns.

II. Circuit Arrangement of Storage System

The foregoing describes the overall logic structure of the
storage system and memory of the present disclosure, which
can be implemented in many specific circuit arrangements. In
the following, a specific circuit arrangement of the present
disclosure will be described in detail as a physical structure.
Any other circuit arrangement will be encompassed in the
scope of the present disclosure as long as it can be abstracted
into the above logic structure of the present disclosure.

Before the description of the circuit arrangement of the
storage system and memory of the present disclosure, expla-
nation will be given about how to map the memory blocks 305
in FIG. 3 into actual physical memory cells. In the illustration,
it is assumed again that the memory R/W port has a bit width
of'4. However, the bit width of the R/W port may be any other
power of 2 in practical applications.

FIG. 10 shows mapping between the memory blocks 305
and the physical memory cells. For a storage system having a
R/W port of bit width W, it may consist of W memories 1007
of'byte width 1 in a physical structure. Each of the memories
1007 may be a conventional single-port memory, and only
one memory cell canbe read/written within a clock cycle. The
physical memory cells in the memories 1007 have sequential
addresses starting with 0. W physical memory cells having
the same address form a memory row 1004 of a logic struc-
ture, and a plurality of consecutive memory rows 1004 form
a memory block 1005 of the logic structure. The memory
block 1005 of size N is formed by N/W memory rows 1004.
It is assumed that N=16 in the figure.

To enable the storage system and memory of the present
disclosure to perform parallel read/write with different R/W
granularities, the circuit arrangement of the present disclo-
sure utilizes a data gating network 1002 to rearrange the
read/written data. The logic structure in FIG. 10 shows the
sequence of read/written data and intra-row mapping of the
physical memory rows. The mapping is the same for the
memory rows in each memory block 1001 but changes for
different memory blocks 1005. For the ith memory block
1005 (0<i<W), the mapping is that a one-dimensional (1D)
vector formed of W pieces of read/written data, after being
cycle-shifted rightward by i elements, correspond to the
physical memory cells, respectively, in the physical memory
row 1004.

With the mapping shown in FIG. 10, FIG. 11 shows corre-
sponding physical memory cells when the R/W granularity
g=1, and the R/W address is 4. In this case, the read/written
data are stored sequentially in the physical memory cells
1103.
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With the mapping shown in FIG. 10, FIG. 12 shows corre-
sponding physical memory cells when the R/W granularity
g=2, and the R/W address is 4. In this case, the read/written
data are stored sequentially in the physical memory cells
1203.

With the mapping shown in FIG. 10, FIG. 13 shows corre-
sponding physical memory cells when the R/W granularity
g=4, and the R/W address is 4. In this case, the read/written
data are stored sequentially in the physical memory cells
1303.

With the mapping shown in FIG. 10, FIG. 14 shows the
circuit arrangement of the storage system of the present dis-
closure. In FIG. 14, the storage system includes W memories
1407, ashift generator 1414, arow address generator 1413, an
address shifter 1410, a write shifter 1412, a read shifter 1408,
W address adders 1411, and an address increment lookup unit
1409.

The external interfaces of the storage system include R/'W
granularity g, written data, read data, R/W address Addr, and
write enable WE.

Each of the W memories 1407 may be a conventional
single-port memory having a write enable terminal, a data
input terminal, a data output terminal, and an address input
terminal. The write enable WE may be directly input to the
write enable terminal of each memory 1407.

The shift generator 1414 and the row address generator
1413 each have an input terminal, to which the address Addr
is directly input. The shift generator 1414 is configured to
generate a shift value Shift based on the current input address
Addr, and the row address generator 1413 is configured to
generate a row address RowAddr based on the current input
address Addr. For the storage system having abyte width of W
and memory blocks 305 of size N, Shift=(Addr % W)+(Addr/
N), RowAddr=Addr/W. Here, “%” represents modulo opera-
tion, and “/” represents division operation with no remainder.
When W and N are each a power of 2, the “%” operation may
be implemented by truncating less significant bits of data, and
the “/” operation may be implemented by truncating the
higher-order bits of data.

The address shifter 1410, the write shifter 1412, and the
read shifter 1408 each include a shift control terminal. The
output terminal of the shift generator 1414 is coupled to the
shift control terminals of the address shifter 1410, the write
shifter 1412, and the read shifter 1408, respectively, so as to
input the shift value Shift to the address shifter 1410, the write
shifter 1412, and the read shifter 1408.

The address adders 1411 each have two input terminals and
one output terminal. The row address RowAddr generated by
the row address generator 1413 is directly input to one of the
input terminals of each of the W address adders 1411. The
other input terminal of each address adder 1411 receives the
data output from the address shifter. The address adder 1411
is configured to perform non-sign addition of data input via its
two input terminals to obtain a memory location in the
memory 1407. The W address adders 1411 have their output
terminals coupled to the address input terminals of the W
memories 1407, respectively, to send a R/W address to the
address input terminal of each memory 1407.

The address increment lookup unit 1409 has one input
terminal and W output terminals. The R/W granularity g is
directly input to the input terminal of the address increment
lookup unit 1409, whose W output terminals are directly
coupled to the input terminal of the address shifter 1410. The
address increment lookup unit 1409 generates inputs to the
respective address adders 1410 based on the R/W granularity
g. There are in total K+1 R/W granularities for a storage
system of bit width W=2%, Each column in the address incre-
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ment lookup unit 1409 corresponds to one R/W granularity. If
the memory block 305 in the storage system is of a size N, and
D=N/W, the value for the jth (0<j<W from top to bottom)
element in the ith (0=i<K from left to right) column of the
address increment lookup unit 1409 is [(j/2")x2'|xD, where
“/” represents division operation with no remainder.

The address shifter 1410 is configured to cycle-shift the
input data rightward by Shift elements. The address shifter
1410 have W pieces of output data (iy, 1, i,, 1), each piece
being sent to one of the input terminals of one of the W
address adders 1411.

The write shifter 1412 has its input terminals receive
directly written data from the external, and is configured to
cycle-shift the input written data rightward by Shift elements.
The W pieces of output data (w,, w,, W,, W;) from the write
shifter 1412 are sent to the data input terminals of the W
memories 1407, respectively.

The read shifter 1408 has W input terminals coupled to the
data output terminals of the W memories 1407, respectively,
to receive W pieces of input data (r,, r,, 5, r3) from the W
memories 1407. The read shifter 1408 is configured to cycle-
shift the input data leftward by Shift elements, and output
read data via its output terminals.

The leftward or rightward cycle-shift function of the
address shifter 1410, the write shifter 1412 and the read
shifter 1408 may be implemented, for example, by a multi-
plexer, or other appropriate functional devices.

The foregoing description of the embodiments illustrates
the objects, solutions and advantages of the present disclo-
sure. It will be appreciated that the foregoing description
refers to specific embodiments of the present disclosure, and
should not be construed as limiting the present disclosure.
Any changes, substitutions, modifications and the like within
the spirit and principle of the present disclosure shall fall into
the scope of the present disclosure.

What is claimed is:

1. A multi-granularity parallel storage system comprising:

a plurality of memories;

a shift generator configured to generate a shift value Shift
based on an externally-input address Addr;

an address increment lookup unit configured to generate
input data based on a read/write (R/W) granularity g;

an address shifter configured to cyclically shift the input
data rightward by Shift elements and output the shifted
data;

a row address generator configured to generate a row
address RowAddr based on an externally-input address
Addr; and

a plurality of address adders each configured to perform a
non-sign addition of the shifted data received at one
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input terminal and the generated row address RowAddr
received at another input terminal to obtain a R/'W
address for one of the memories, and input the R/'W
address to an address input terminal of the memory.

2. The storage system of claim 1, comprising:

a write shifter configured to cyclically shift externally-
input written data rightward by Shift elements, and out-
put the shifted data to the plurality of memories, and

a read shifter configured to receive data from the plurality
of memories, cyclically shift the data leftward by Shift
elements, and output the shifted data externally.

3. The storage system of claim 2, wherein the address
shifter, the write shifter, and the read shifter each have a shift
control terminal; the output terminal of the shift generator is
coupled to each of the shift control terminals of the address
shifter, the write shifter, and the read shifter, so as to input the
shift value Shift to the address shifter, the write shifter, and the
read shifter.

4. The storage system of claim 2, wherein the address
shifter, the write shifter, and the read shifter each comprises a
multiplexer.

5. The storage system of claim 1, wherein the bit width of
the storage system is W, K=log, W, and the memories support
K+1 R/W granularities; and the address increment lookup
unit comprises a plurality of columns, each corresponding to
one of the R/W granularities.

6. The storage system of claim 5, wherein the plurality of
memories constitute a plurality of memory blocks, each hav-
ing a size of N; and the jth element from bottom to top in the
ith column from left to right in the address increment lookup
unit has a value of [(72")x2"]xD, where /" represent division
operation with no remainder, D=N/W, 0=i<K, O<j<W.

7. The storage system of claim 6, wherein the shift genera-
tor is further configured to generate the value Shift according
to the following formula: Shifti=(Addr % W)+(Addr/N),
where “%” represents modulo operation, and ““/” represent
division operation with no remainder.

8. The storage system of claim 6, wherein the row address
generator is further configured to generate the row address
RowAddr according to the formula RowAddr=Addr/W,
where “/” represent division operation with no remainder.

9. The storage system of claim 1, wherein each memory has
a write enable terminal to which a write enable signal WE is
directly inputted.



